The process termed "epithelial-mesenchymal transition" (EMT) was originally discovered in ontogenic development, and has been shown to be one of the key steps in tumor cell progression and metastasis. Recently, we showed that the expression of some glycosphingolipids (GSLs) is down-regulated during EMT in human and mouse cell lines. Here, we demonstrate the involvement of GalNAc-type (or mucintype) O-glycosylation in EMT process, induced with transforming growth factor β (TGF-β) in human prostate epithelial cell lines. We found that: (i) TGF-β treatment caused up-regulation of oncofetal fibronectin (onfFN), which is defined by mAb FDC6, and expressed in cancer or fetal cells/tissues, but not in normal adult cells/tissues. The reactivity of mAb FDC6 requires the addition of an O-glycan at a specific threonine, inside the type III homology connective segment (IIICS) domain of FN. (ii) This change is associated with typical EMT characteristics; i.e., change from epithelial to fibroblastic morphology, enhanced cell motility, decreased expression of a typical epithelial cell marker, E-cadherin, and enhanced expression of mesenchymal markers. (iii) TGF-β treatment up-regulated mRNA level of FN containing the IIICS domain and GalNAc-T activity for the IIICS domain peptide substrate containing the FDC6 onfFN epitope. (iv) Knockdown of GalNAc-T6 and T3 inhibited TGF-β-induced up-regulation of onfFN and EMT process. (v) Involvement of GSLs was not detectable with the EMT process in these cell lines. These findings indicate the important functional role of expression of onfFN, defined by sitespecific O-glycosylation at IIICS domain, in the EMT process.
The process termed "epithelial-mesenchymal transition" (EMT) was originally discovered in ontogenic development, and has been shown to be one of the key steps in tumor cell progression and metastasis. Recently, we showed that the expression of some glycosphingolipids (GSLs) is down-regulated during EMT in human and mouse cell lines. Here, we demonstrate the involvement of GalNAc-type (or mucintype) O-glycosylation in EMT process, induced with transforming growth factor β (TGF-β) in human prostate epithelial cell lines. We found that: (i) TGF-β treatment caused up-regulation of oncofetal fibronectin (onfFN), which is defined by mAb FDC6, and expressed in cancer or fetal cells/tissues, but not in normal adult cells/tissues. The reactivity of mAb FDC6 requires the addition of an O-glycan at a specific threonine, inside the type III homology connective segment (IIICS) domain of FN.
(ii) This change is associated with typical EMT characteristics; i.e., change from epithelial to fibroblastic morphology, enhanced cell motility, decreased expression of a typical epithelial cell marker, E-cadherin, and enhanced expression of mesenchymal markers. (iii) TGF-β treatment up-regulated mRNA level of FN containing the IIICS domain and GalNAc-T activity for the IIICS domain peptide substrate containing the FDC6 onfFN epitope. (iv) Knockdown of GalNAc-T6 and T3 inhibited TGF-β-induced up-regulation of onfFN and EMT process. (v) Involvement of GSLs was not detectable with the EMT process in these cell lines. These findings indicate the important functional role of expression of onfFN, defined by sitespecific O-glycosylation at IIICS domain, in the EMT process.
O-glycosylated fibronectin | siRNA G lycoconjugates, such as glycosphingolipids (GSLs) and N-and O-linked glycoproteins, have been shown to play important roles in embryogenesis (1) , tumorigenesis, and cancer progression (2) . Specific types of glycosyl residues modulate particular signaling pathways and regulate cell phenotypes. For example, GM3 inhibits epithelial growth factor receptor (EGFR) activation (3, 4) ; GM2 associated with tetraspanine CD82 inhibits the activation of the hepatocyte growth factor receptor cMet (5); and O-Fucose glycans modulate Notch signaling, which controls the fate of many cell types (6) (7) (8) .
Epithelial-mesenchymal transition (EMT) was initially observed during early embryonic development and organ formation (9) (10) (11) . Accumulating evidence has shown that the EMT process plays a key role in disease development, particularly in cancer progression to metastasis (10) (11) (12) (13) (14) and fibrosis (15) . During EMT, cells lose their apical-basal polarity, change morphology to fibroblastic, display reduced expression of epithelial cell marker molecules such as E-cadherin (Ecad), and enhance expression of mesenchymal cell marker molecules such as fibronectin (FN), N-cadherin (Ncad), vimentin, and matrix-metalloproteinases (MMPs). When combined, these effects result in increased cell motility (10) (11) (12) (13) (14) (15) .
Our recent studies found a reduction in specific GSLs (Gg4 and/ or GM2) in the EMT process induced by transforming growth factor β (TGF-β) in mouse and human epithelial cells (16) . Further studies with mouse epithelial NMuMG cells showed that Gg4 synthase is down-regulated during the EMT process and that EMT induction is inhibited by transfection of Gg4 synthase gene or exogenous addition of Gg4 (17) . These findings indicate the functional role of the GSL in EMT induction.
FN has often been used as one of the mesenchymal markers whose expression is strongly enhanced in EMT process. FN exists in multiple forms. There are isoforms that are produced through alternative splicing; some are from alternative splicing in the type III homology connective segment (IIICS) domain (18) (19) (20) , whereas others consist of two different complete type III repeats, termed extra domain A (ED-A) and extra domain B (ED-B) (20, 21) . In addition, our previous studies showed that mouse mAb FDC6, established by immunizing with FN isolated from a human cell line, HUH-7 (22) , reacts strongly with FN in fetal and cancer cells and tissues, but not with FN in normal adult cells and tissues. Therefore, FDC6-positive FN was termed "oncofetal FN" (onfFN) (22, 23) . The FDC6 epitope was based on the addition of an Oglycan (GalNAcα1-O-Ser/Thr or Galβ1-3GalNAcα1-O-Ser/Thr) (24) to the Thr residue of peptide sequence -Val-Thr-His-Pro-GlyTyr-(VTHPGY) at the IIICS domain. Because neither the OGalNAc hapten nor the peptide in the IIICS domain were reactive with FDC6, the FDC6 epitope structure was assumed to be the Oglycopeptide with combined recognition of the O-glycan and the peptide backbone, VTHPGY (23, 25) . Other mAbs with cancerspecific reactivity react with aberrant O-glycopeptide epitopes (26) . Around 20 UDP-N-acetylgalactosamine:polypeptide N-acetylgalactosaminyltransferases (GalNAc-Ts) have been identified in humans, and GalNAc-T3 (27) and GalNAc-T6 (28) have been suggested as enzymes involved in the formation of onfFN (28, 29) .
We addressed the possible functional correlation between onfFN carrying an FDC6 epitope and the EMT process by investigating the role of onfFN, defined by mAb FDC6, in EMT induction. For this study, we used the nonmalignant human prostate epithelial cell lines WPE and PNT1a.
for assessment of EMT in various types of cells (10, 11, 14) and human prostate cell lines (30, 31) .
Treatment with TGF-β resulted in detectable morphological changes in both cell lines (Fig. 1I) , with some differences between the two. In WPE cells, the typical flat, epithelial-type morphology was converted to a clear, bipolar, elongated, fibroblastic shape. In PNT1a cells, epithelial morphology was minimally changed to the fibroblastic shape in certain limited areas. In addition, TGF-β treatment reduced the expression of the epithelial cell marker Ecad in both cell lines and enhanced the expression of the mesenchymal markers Ncad and vimentin in WPE and PNT1a, respectively (Fig. 1II) . Vimentin was not detected in WPE following TGF-β treatment, and Ncad expression was not enhanced in PNT1a (Fig. 1II) . However, other mesenchymal cell markers, such as FN (Fig. 2) , MMP-2, and MMP-9, were up-regulated in both cell lines. The MMPs released in the culture supernatants were assessed by Western blot analysis (Fig. S1II ) and zymography using gelatin as the substrate (Fig. S1II) . Next, cell motility was analyzed by phagokinetic assay on gold sol-coated plates and by cell scratchwound assay. Both assays showed increased cell motility in both cell lines following TGF-β treatment (Fig. S2) .
In contrast, treatment of the cells with 1 μM EtDO-P4, the specific inhibitor of GlcCer synthase (32), did not cause a significant change in cell morphology, expression of EMT marker molecules, or cell motility ( Fig. 1 and Fig. S2 ), though the majority of GSLs were essentially depleted under this condition, as assessed by orcinol/sulfuric acid staining after HPTLC separation of extracted GSLs (Fig. S3C) .
Characterization of FN Up-Regulated During the EMT Process. FN is one of the most studied mesenchymal markers and has been shown to be up-regulated in TGF-β-induced EMT (11, 13) . Expression of FN, defined by mAb EP5 at ∼250 kDa in both cell lines, was strongly enhanced by TGF-β treatment, but not by EtDO-P4 treatment ( Fig. 2 A and C) . We characterized FN up-regulated during EMT process in these cells by using mAb FDC6, which reacts selectively with FN expressed in fetal and cancer tissue and cells and recognizes FN that carries O-glycan at its IIICS domain. Following TGF-β treatment, expression of FDC6-positive FN was enhanced in both cell lines ( Fig. 2 B and D) . This was paralleled to the total FN detected by mAb EP5, whereas human plasma FN, used as control, was detected by mAb EP5, but not by mAb FDC6. This result is consistent with our previous observations (22) .
Comparison of GSLs Expressed in Control and TGF-β-Treated Cells. In view of our previous findings with mouse NMuMG cells, where the expression of certain GSLs, especially Gg4, are down-regulated by TGF-β treatment and exogenously added Gg4 inhibited TGF-β-induced EMT (16, 17) , we analyzed GSLs expression in control and TGF-β-treated WPE and PNT1a cells. Expression patterns of total GSLs were essentially the same between control cells and TGF-β-treated cells in both cell lines ( Fig. S3 A and B) , but greatly reduced in EtDO-P4 treatment (Fig. S3C ). Further analysis of GSLs from PNT1a cells showed that there are no detectable differences in neutral GSLs, monosialo-, disialo-, trisialo-, or polysialo (≥4)-gangliosides between control cells and TGF-β-treated cells (Fig.  S3D ). These results may be related to the lack of EMT induction after EtDO-P4 treatment on either cell line ( Fig. 1 and Fig. S2 ). n.s.: not significant; *P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.001. Fig. 2 . Expression of total FN and onfFN after treatment with TGF-β or EtDO-P4. Cells were treated and cell lysates were prepared as described in SI Materials and Methods, and samples were subjected to SDS/PAGE and Western blot as described in Fig. 1 . Total FN and onfFN were detected with mAb EP5 (A and C) and mAb FDC6 (B and D), respectively. Human plasma FN (0.5 μg) and HUH-7 cell lysate (10 μg) were used as positive controls. Western blot results were analyzed as described in Fig.1 , and mean ± SD is shown. n.s.: not significant; **P ≤ 0.005; ***P ≤ 0.001.
Determination of GalNAc-T Enzyme Activity Toward the Peptide
Substrate in FN IIICS Domain. Because the expression of onfFN detected by mAb FDC6 was strongly enhanced by TGF-β treatment, we examined the effect of TGF-β treatment on GalNAc-T enzyme activity for the peptide substrate containing the VTHPGY sequence, whose O-glycosylation is required for the binding epitope of mAb FDC6 (25) . The glycosyltransferase activity expressed as pmol/mg/hr in microsomal fractions prepared from control, and TGF-β-treated WPE cells were compared. The activity was much higher in TGF-β-treated cells than in control cells (Fig. S4 ). This increased enzyme activity in TGF-β-treated cells presumably contributes to the enhanced onfFN expression detected with mAb FDC6.
Effect of Knockdown of GalNAc-T6 and -T3 on the TGF-β-Induced EMT Process. To elucidate the functional role of up-regulated expression of onfFN during the EMT process, we tried to block the expression using the siRNA approach. For this purpose, we knocked down expression of GalNAc-T6 and -T3 genes, which are indicated to be involved in O-glycosylation to synthesize FDC6-positive FN (28, 33) . Preliminary experiments to assess the siRNA targeted for GalNAc-T6 and -T3 effectively reduced their mRNA level by more than 80% in both WPE and PNT1a cells. Because our preliminary experiments showed that the mixtures of siRNA targeted for T3 and T6 reduces the expression of onfFN more effectively than each siRNA for T3 or T6 alone, the mixture of the siRNAs was used. Selectivity of the siRNAs was evaluated by Western blot using mAbs for GalNAc-T3, -T6, and -T2 and quantitative RT-PCR (RT-qPCR). Western blot analysis showed that the enzyme protein levels for GalNAc-T3 and -T6 in the knockdown cells were significantly reduced compared with that in cells treated with control siRNA (Fig. 3I A, C, and D) . No detectable change in protein level for GalNAc-T2 (Fig. 3I A and B) was observed, indicating the selective reduction with the siRNAs. RT-qPCR analysis showed that the transfection of the siRNAs resulted in a clear reduction of mRNAs for GalNAc-T3 and -T6, whereas the mRNA level of either GalNAc-T2 or IIICS domain of FN did not show any significant reduction, which further supports the selectivity (Fig. 3II) . We did not detect a clear up-regulation of GalNAc-T3 and -T6 in TGF-β-treated cells, either at protein or at mRNA level, though the GalNAc-T activity assay using the peptide as a substrate did show clear up-regulation (Fig. S4) . TGF-β treatment strongly up-regulated the mRNA level of FN containing IIICS domain (Fig. 3II) . Because several alternative splicing within the IIICS domain were previously analyzed and reported (34), PCR products for the IIICS domain were analyzed to assess the size by agarose gel electrophoresis. Variants containing the hexapeptide VTHPGY, V120 and V89/V95, were strongly up-regulated in both cell lines, whereas variant V0, which does not contain the peptide sequence, was slightly up-regulated in WPE cells and was absent in PNT1a cells (Fig. S5) . Our previous studies with glycopeptides containing the VTHPGY sequence indicated that mAb FDC6 binding was maintained by treatment with sialidase followed by β-galactosidase; however, the binding activity was completely lost by endo-α-N-acetylgalactosaminidase treatment following sialidase treatment (23) . We confirmed this point by using HUH-7 cells treated with Benzyl-α-GalNAc, which blocks glycan elongation on O-GalNAc by competing as an acceptor (35) . The treatment did not cause any reduction in the reactivity with FDC6; the accumulation of GalNAc residues induced by the treatment was clearly detected with Helix pomatia lectin, which binds terminal GalNAc residues (Fig. S6) . Recently, we found that HUH-7 cells transfected with cDNA for GalNAc-T6 produce more FDC6-positive FN compared with the parent cells (Fig. S7) . Together, these results indicate that the down-regulation of onfFN, detected with FDC6 in the cells transfected with the siRNAs, is accomplished through selective knockdown of the GalNAc-Ts.
The effect of the reduction of FDC6-positive FN induced by the siRNAs, on EMT process, was assessed by change of cell morphology, expression of EMT marker molecules, and cell motility. Transfection of the targeted siRNAs inhibited the change of cell morphology induced by TGF-β treatment in the both cell lines, whereas transfection of the control siRNA had no significant effect (Fig. 4) . As expected, the expression of total FN, defined by EP5, was not significantly affected by the knockdown, and was enhanced to similar degree by TGF-β treatment in both cell lines, whereas TGF-β-induced up-regulation of onfFN, defined by FDC6, was strongly inhibited in T6/T3 knockdown cells. In addition to FN in cell lysates, FN secreted in culture supernatants was analyzed, and similar results were obtained. In the knockdown cells, compared with the nontransfected controls and the negative siRNA-transfected controls, expression of the mesenchymal markers Ncad and vimentin was significantly lower, and the expression of the epithelial cell marker Ecad was higher in both WPE (Fig. 5 ) and PNT1a cells (Fig. S8) . The enhanced cell motility induced by TGF-β treatment was strongly inhibited in the knockdown cells, but not in the nontransfected control cells or the negative control siRNA transfected cells for the both cell lines (Fig. 6 ).
Discussion
The EMT process was originally observed through in vivo studies of cells in tissues associated with early embryonic development (36) . The process was later found to play a key role in tissue repair, to prevent apoptosis and senescence, and to induce characteristic properties of stem cells. EMT is also reported to be a cause of organ fibrosis and to promote cancer progression through enhancement of cell motility, acquisition of stem cell characteristics, and other mechanisms (10) (11) (12) (13) (14) (15) .
In view of the many documented examples of aberrant glycosylation associated with cancer progression (37-40), we assumed that glycosylation changes in GSLs or glycoproteins occur during the EMT process. Our previous studies using the mouse mammary epithelial cell line NMuMG demonstrated a functional role of Gg4: Expression of Gg4 was reduced by downregulation of Gg4 synthase gene expression during EMT, and enhancement of Gg4 level inhibited EMT (16, 17) . In contrast, the present study using EtDO-P4, the inhibitor of GlcCer syn- thase (32), did not show involvement of GSLs in EMT process in prostate epithelial cell lines WPE and PNT1a. However, we cannot rule out the possible involvement of GSL having GalCer as core structure; for example, Galα1-4Galβ1-Cer (diGalCer) (41), Galβ-sphingosine (psychosine), two types of plasmalopsychosine (42) , and NeuAcα2-3Galβ1-Cer (GM4 ganglioside) (43) have been shown to be present in some types of mammalian cells.
In both prostate cell lines, TGF-β treatment down-regulated the expression of epithelial marker Ecad and up-regulated the expression of mesenchymal markers FN, MMP-2, and MMP-9. Mesenchymal marker Ncad was enhanced in WPE but not in PNT1a, whereas mesenchymal marker vimentin was enhanced in PNT1a, but not in WPE. Such variation in expression patterns of molecular EMT markers has been reported previously, and appears to depend on type, origin, and history of the cell lines (10, 11, 14, 44) . Other epithelial markers, ZO-1 and occluding, were not detected, whereas cytokeratin-18 was unchanged in either cell line, indicating that Ecad is the principal epithelial marker downregulated during EMT process in prostate cells. This finding is consistent with previous studies (45) (46) (47) (48) .
The focus of this study is the functional role of a site-specific single O-glycosylation event in the IIICS domain of human FN following EMT induction. FN is widely used for assessment of EMT process, but is not yet clearly characterized. For the characterization, we focused on onfFN, defined by mAb FDC6, which reacts with a specific O-glycosylated peptide sequence in IIICS domain (22, 23, 25) . The onfFN expression and mRNA level of FN with IIICS domain was strongly up-regulated with TGF-β treatment. TGF-β treatment was found to enhance GalNAc-T enzyme activity for the synthetic peptide substrate derived from the IIICS domain defining the FDC6 epitope. Surprisingly, no significant change in GalNAc-T3 or -T6 was detected in either protein or mRNA level. Although there are several possible explanations for the discrepancy in these results (e.g., TGF-β treatment might stabilize GalNAc-T enzyme activity), further extensive studies are needed.
The presence of three to four biantennary N-linked glycans at the ∼30-KDa collagen-binding domain of hamster and human FN was reported (49, 50) . The nonreducing terminal structures of these biantennary structures of FN are modified by oncogenic transformation of human fibroblasts (51). However, the functional significance of the N-linked glycan in EMT remains unknown. The expression of ED-B or ED-A domains in FN is reported to be correlated with disease, including cancer formation and progression (52) (53) (54) . ED-B or ED-A domains may be expressed in both FDC6-positive and -negative FNs; future studies may clarify this point.
We found that blocking the expression of onfFN through knockdown of GalNAc-Ts inhibits the TGF-β-induced EMT process. This finding indicates that onfFN, but not norFN plays a key role in EMT induction, which is probably due to the different cell signaling induced by them. The next step is to elucidate the mechanism underlying the functional role of onfFN. We hypothesize that onfFN is involved in the "mesenchymal adhesion process" (44, 55) , whereby extracellular matrix (ECM)-dependent integrin activity, and associated signal transduction are altered (for review, see ref. 56) . FN is known to activate integrin α5β1; one possibility is that onfFN and normal adult FN activate α5β1 differently.
Recent reports indicate that FN is capable of inducing EMT process. Two studies on lung fibrosis, which occurs in certain respiratory diseases, showed that mouse and human primary alveolar epithelial cells undergo EMT when they are in contact with FN in ECM (57, 58) . Also, O-glycosylation of FN through GalNAc-T6 was reported to be associated in an EMT-like process (59), though the O-glycosylation FN was not characterized for FDC6 reactivity.
In summary, the results presented here demonstrate the essential role of onfFN in TGF-β-induced EMT process, which involves a site-specific O-glycosylation event of FN that induces the FDC6 epitope. These results in human prostate cells, together with our previous results that showed the functional role of GSLs in EMT in mouse mammary cells, indicate that different types of glycosylations are involved in EMT process in different cell types. Further studies will clarify the role of other types of glycosylation in EMT process.
Materials and Methods
Treatment of Cells with TGF-β and EtDO-P4. WPE and PNT1a cells (2 × 10 5 cells per well) were grown in culture medium as described in SI Materials and Methods in six-well plates (3.5-cm-diameter wells; Corning), and incubated overnight. Medium was changed to fresh medium alone (control), medium containing TGF-β 5.0 ng/mL, or medium containing EtDO-P4 1.0 μM, and the cells were incubated for an additional 72 h. Photographs were taken for cell morphology, and the cells were used for analysis for the expression of proteins, or mRNAs and for cell motility, as described in SI Materials and Methods.
Knockdown of GalNAc-T3 and -T6 Through Small Interfering RNA (siRNA). WPE and PNT1a cells (7.5 × 10 4 cells per well) were seeded in a 12-well plate in culture medium. After 24 h, cells were transfected with the mixture of siRNA duplexes, 100 nM each, for human GalNAc-T3 and T6 (respectively CCA-UAGAUCUGAACACGUU and CCAUCGACCUUAAUACUUU; Dharmacon Research), or a negative control siRNA (Qiagen), using Lipofectamine 2000 reagent (Invitrogen) following the manufacturer's instructions.
Effect of GalNAc-T3 and -T6 Knockdown on TGF-β-Induced EMT. A total of 1.0 to 1.5 × 10 5 WPE or PNT1a cells were seeded onto a six-well plate and transfected with the mixture of the two siRNAs at 100 nM each, or negative control siRNA at 100 nM, as described above. After 24 h of incubation, the cells in each well were detached with trypsin/EDTA, and seeded into two wells of 12-well plate. After 6 h of incubation, TGF-β was added to one of the wells and incubated for 48 h. After taking photos, the cells were used for 
